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Abstract: Autism spectrum disorder is associated with alterations in GABAergic and
glutamatergic neurotransmission. Here, we aimed to determine the concentration of
GABA, glutamate, glutamine, aspartate, taurine, and glycine in brain tissue and plasma
of rats prenatally exposed to valproic acid (VPA), a well-characterized experimental
model of autism. Pregnant rats were injected with VPA (600mg/Kg) during the twelfth-
embryonic-day. Control rats were injected with saline. On the fourteen-postnatal-day, rats
from both groups (males and females) were anesthetized, euthanized by decapitation
and their brain dissected out. The frontal cortex, hippocampus, amygdala, brain stem
and cerebellum were dissected and homogenized. Homogenates were centrifuged and
supernatants were used to quantify amino acid concentrations by HPLC coupled with
fluorometric detection. Blood samples were obtained by a cardiac puncture; plasma
was separated and deproteinized to quantify amino acid concentration by HPLC.
We found that, in VPA rats, glutamate and glutamine concentrations were increased
in hippocampus and glycine concentration was increased in cortex. We did not find
changes in other regions or in plasma amino acid concentration in the VPA group with
respect to control group. Our results suggest that VPA exposure in utero may impair
inhibitory and excitatory amino acid transmission in the infant brain.
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neurotransmission systems, mediated by
gamma-aminobutyric acid (GABA) (Fatemi et

Autism spectrum disorder (ASD) is characterized
by persistent deficits in social communication
and interaction, as well as restricted, repetitive
patterns of behavior, interests, or activities
present in the early developmental period
(American Psychiatric Association 2013). It has
been proposed that the core clinicopathology of
ASD is characterized by an accelerated or early
brain tissue overgrowth in regions involved in
socialization, communication, and emotional
functions, which are regularly affected in these
patients (Chomiak 2013, Courchesne et al. 2007).
Evidence suggests that ASD may be linked
with abnormalities in inhibitory and excitatory

al. 2002, 2009, Harada et al. 2011, Zieminska et
al. 2018) and glutamate (GLU) (Hassan et al.
2013, Moreno-Fuenmayor et al. 1996, Page et
al. 2006, Shimmura et al. 2011, Shinohe et al.
2006, Zieminska et al. 2018, Wang et al. 2018),
respectively.

A reduction in protein levels of glutamic
acid decarboxylase (GAD,, and GAD,,), the
enzyme responsible for the synthesis of GABA
from GLU, has been reported in the cerebellum
and parietal cortex from ASD patients (Fatemi et
al. 2002), as well as a reduction in GAD,, mRNA in
the cerebellar Purkinje cells (Yip et al. 2007). Also,
an abnormality in the chromosome 15q11-q13,
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that contains a GABA, receptor subunit gene,
has been detected in ASD patients (Cook et
al. 1998). In addition, there are higher levels
of GLU in the plasma from patients with ASD
(Hassan et al. 2013, Moreno-Fuenmayor et al.
1996, Shimmura et al. 2011, Shinohe et al. 2006).
Magnetic resonance spectroscopy performed in
ASD patients detected significantly higher levels
of GLU in the bilateral anterior cingulate, the
left striatum, the left cerebellar hemisphere,
the left frontal lobe (Hassan et al. 2013) and
the amygdala-hippocampal region (Page et al.
2006) than in control individuals. Furthermore,
postmortem brain samples from ASD patients
show lower density of a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA)
receptors and alterations in GLU transporters
(Purcell et al. 2001).
Therearethreetypesofexperimental models
for studying autism: genetic, environmental
(induced by chemicals) or associated with
infection and inflammation. Genetic models
of ASD mimic a specific genetic alteration as
observed in human syndromes like fragile X
(FMR1 gene) and Rett’s (MECP2 mutations).
Environmental models are induced by exposure
to chemical substances during prenatal or early
postnatal period. Those models include valproic
acid (VPA) and thalidomide. ASD also can be
modeled by producingviral infection in pregnant
rodents (for example influenza virus) or by
maternal inflammation triggered by the injection
of immunogens such as IL-1 and IL-6 during
pregnancy (Ergaz et al. 2016). Evidence show
that children born from mothers that use VPA
as anticonvulsant medication (in utero exposure
to VPA) have a higher risk for the development
of ASD (Christianson et al. 1994, Christensen
et al. 2013). Based on that information, an
environmental animal model of autism was
developed by injecting VPA to pregnant rats and
studying the offspring (Rodier et al. 1996). Rats
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prenatally exposed to VPA have similar cerebral
anomalies (Rodier et al. 1996, Ingram et al. 2000,
Mychasiuk et al. 2012) and behaviors than those
displayed by ASD patients (Mychasiuk et al.
2012, Schneider & Przzewlocki 2005, Schneider
et al. 2008). Prenatally VPA exposed rats show
impaired hippocampal pre- and post-synaptic
inhibitory transmission (Banerjee et al. 2013)
and a reduced GAD expression (Kim et al. 2013).
They also have changes in hippocampal GLU
uptake, glutamine (GLN) synthetase activity, GLU
transporters expression (Silvestrin et al. 2013),
and an overexpression of N-methyl-D-aspartate
(NMDA) receptor subunits (Rinaldi et al. 2007).
These alterations might be associated with
hyperexcitability or possibly with an increased
ratio of synaptic excitation/inhibition at an early
developmental age. In rats prenatally exposed
to VPA an increase of presynaptic efficacy
of excitatory transmission as well as of long-
term potentiation in the lateral nucleus of the
amygdala have been reported (Lin et al. 2013).
Altogether, these studies suggest that
abnormalities in GABAergic and glutamatergic
neurotransmission may play an important role
in the pathophysiology of autism. In addition,
an increase in the ratio between synaptic
inhibition and excitation during a critical period
may trigger a dysfunctional development of the
neural circuits that in turn may cause the core
symptoms of ASD, and could also determine the
higher prevalence of epilepsy in those patients
(Rubenstein & Merzenich 2003, Gogolla et al.
2009). In this study, we aimed to determine
whether prenatal exposure to VPA modifies
brain and plasma amino acid concentration. We
quantify amino acid concentrations in fourteen-
day-old rat pups (P14) that were prenatally
exposed to VPA. This age was chosen considering
that autistic-like behaviors are observed during
early childhood. Our results suggest that VPA
exposure in utero may impair inhibitory and
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excitatory amino acid transmission in the infant
brain.

MATERIALS AND METHODS

Animals

We controlled the fertility cycles of female Wistar
rats from our local breeding colony (Centro
de Investigaciones Cerebrales, Universidad
Veracruzana) by conducting daily vaginal
smears. We placed fertile females overnight with
a sexually experienced male. Vaginal smears
were collected the following morning and, if
spermatozoa were found, this was designated
as the first day of pregnancy. During the study,
pregnant females were housed individually and
maintained in a vivarium on a 12:12 h circadian
cycle (lights on at 08:00), at 23-25°C temperature
and 60-70% relative humidity, with free access to
water and food (Rismart). This study was carried
out following the Mexican guidelines on the
care and use of laboratory animals (NOM-062-
Z00-1999) and was approved by the Internal
Committee for the Care and Use of Laboratory
Animals (ICCULA) of the Universidad Veracruzana
(protocol Number: CICUAL-CICE 2017-002-c).

Administration of VPA to pregnant rats

On the twelfth embryonic day (E12), rats received
a single intraperitoneal injection of 600 mg/
kg of VPA (sodium valproate Sigma-Aldrich,
St. Louis, MO) dissolved in 0.9% saline for a
concentration of 250 mg/mL. VPA dose and
exposure window were similar to those used
in other studies (Schneider & Przewlocki 2005,
Perez-Pouchoulen et al. 2016, Puig-Lagunes et al.
2015, 2016). Control rats received an injection of
physiological saline during the same embryonic
day. Rats were housed individually and were
allowed to care for their litters. Brain amino
acid determination was performed in male and
female rat pups from both prenatal VPA-exposed
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(n=16; 10 females, 6 males) and control groups
(n=15; 5 females, 10 males). Plasma amino acid
guantification was performed in both gender
rat pups from prenatal VPA-exposed (n=16;
4 females, 12 males) and control groups (n=8;
3 females, 5 males). Prenatal exposure to VPA
produced congenital crocked tail with different
grades of severity. No abnormalities were
detected in rats from the control group.

Brain tissue processing

P14 rat pups were anesthetized with
pentobarbital sodium (60 mg/kg, i.p.),
decapitated and their brains were immediately
removed to be dissected on an ice-cooled Petri-
dish. The following brain regions were collected:
frontal cortex (FC), hippocampus (HI), amygdala
(AM, amygdala complex containing the piriform
cortex), brain stem (BS) and cerebellum (vermis
[VE] and hemispheres [HE]). These brain areas
were chosen since they have been regularly
associated with ASD. Brain tissue from each area
was weighed and mechanically homogenized
with a wireless pellet pestle (Sigma-Aldrich,
7359971) by adding 30 ul of perchloric acid
(01 M, HCLO,, Baker) containing 4 mM sodium
bisulfite (Baker, S-1516) per 10 mg tissue (Lopez-
Meraz et al. 2012). The homogenized tissue was
centrifuged at 10’000 rpm for 20 min to 4°C.
Subsequently, the supernatant was collected
and filtered (filters-HV of 0.45 pm, Millipore). The
filtrates and the pellet were placed in Eppendorf
tubes, frozen in liquid nitrogen and stored at
-76°C until amino acids and protein analyses
by high-performance liquid chromatography
(HPLC) and Bradford method, respectively, were
performed.

Collection and processing of blood plasma

A different group of P14 rats was anesthetized
with pentobarbital sodium (60 mg/kg, i.p.)
and placed in the supine position on a base
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to prevent movement. Skin was removed and
the abdominal wall was exposed to show the
heart (approximately 1 cm caudal to the last rib).
Blood (0.2-0.4 ml) was collected by intra-cardiac
puncture and placed in EDTA tubes. Samples
were gently shaken to homogenize blood with
the anticoagulant and then centrifuged at 4000
rpm for 15 min at 4°C. Plasma was separated from
the cell pack, deproteinized with 0.5 M HCIO, and
centrifuged again under the same conditions.
The supernatant was separated, filtered (filters-
HV, 0.45 pm, Millipore) and stored at -76°C until
processing for amino acid quantification by
HPLC.

Determination of brain tissue and plasma
amino acids by HPLC

Amino acid quantification was performed
according to a slightly modification of the
procedure described by Luna-Munguia et al.
(2012). An HPLC system coupled to a fluorescence
detector (Waters® model 474), a 3.9 x 20 mm pre-
column (Nova-Pack, Waters®) and a reversed-
phase 3.9 150 mm column (Nova-Pack, 4 mm,
C18, Waters®) were used. For quantification of
the brain amino acid concentrations (dilutions
fluctuated from 1:200 to 1:1000 depending on
brain region), we mixed 20 pl of perfusate with
6 ul of the derivatization agent containing
O-phthalaldehyde (OPA; Sigma) and 2-beta-
mercaptoethanol (Sigma). Two minutes later,
samples were injected manually to the HPLC
system. Chromatographic separation was
performed using a binary gradient system. The
mobile phase A consisted of sodium acetate (40
mM) dissolved in 90% milli-Q water and 10%
methanol (pH 6.7); the mobile phase B was a
solution of 20% sodium acetate (8 mM) and 80%
methanol (pH 5.7). Amino acid concentration
was calculated by a linear regression analysis
using the Millennium system (Waters®) from a
external standard technique using a calibration
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curve of GABA, GLU, GLN, aspartate (ASP), glycine
(GLY) and taurine (TAU) (50, 100, 300 and 500 ng/
ml).

The plasma concentration of amino acids
was determined using the same HPLC system,
butthe derivatization agent was a mixture of OPA
and N-Acetyl Cysteine (NAC, Sigma). Injection of
samples was carried out by an autosampler. In
each vial, 15 pL of plasma was mixed with 10 pL
of buffer OPA-NAC and let stand in the dark for
2 hours at 5°C; 2 h later samples were injected
to the chromatograph. A calibration curve was
performed with standard amino acids (200, 100,
50 and 10 ng/ml).

Protein quantification by Bradford method

Protein quantification was performed in the
pellet remaining from brain homogenates.
Samples were reconstituted with 250 pl of a
solution containing 01 M HClO, and 4 mM sodium
metabisulfite. Quantification was performed
with a microplate reader system (Spectra Max
190) by adding 20 ul of the sample (diluted with
ultrapure water Milli-Q, 1:1 or 1:10, depending
the brain area analyzed) and 180 pl of Bradford
solution (1x, BIO-RAD). A standard curve was
prepared with bovine serum albumin (0.05-0.6
pg/ul; Baker).

Statistical analysis

Data were analyzed by an unpaired Mann
Whitney U-test (MWU) and expressed as the
median and the interquartile range. Statistical
significance for all comparisons was considered
when p<0.05. All analyses were performed using
the GraphPad Prism version 6.00.
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RESULTS

Prenatal VPA exposure increases GLU, GLN and
GLY brain concentration

Statistical significant differences in brain amino
acid concentration (ng/mg protein) were found
in rats prenatally exposed to VPA with respect to
controls (Table I). VPA rats showed an increase in
the concentration of GLU [51.2 (38.5); MWU = 41.5,
p=0.02] and GLN [31.4 (214); MWU = 49.5, p=0.04]
in the HI, compared to that of control rats [31.2
(28.3) and 18.9 (22), respectively]. In addition, GLY
levels were augmented in the FC [6.5 (3.3); MWU
= 51, p = 0.03] of rats prenatally exposed to VPA
compared to control rats [3 (3.7)]. No statistically
significant differences were found between
groups for the concentration of other amino
acids in any brain region analyzed.

When sex was considered in the evaluation
of amino acid concentration, results showed that
GLU [14.5 (2.9), MWU=4, p<0.05] and ASP levels in
VE [2.8 (2.6); MWU=3, p<0.05] were lower in male
rats prenatally exposed to VPA than in control
males [22.8 (15.6) and 5.5 (10), respectively]. In
the case of female rats, GLU levels in HI [57.3
(28.1); MWU = 4, p<0.03] and BS [32.8 (22.3);
MWU = 4, p<0.02] were higher in female rats
prenatally exposed to VPA than in control
females [29.6 (33.6) and 12.5 (12.8), respectively].
Similarly, GABA [7.9 (3.5); MWU = 1, p<0.03] and
ASP concentration [91 (2.2); MWU = 1, p<0.01] in
BS, was augmented in prenatally VPA exposed
females when compared to control female
rats [1.4 (4.9) and 41 (4.2), respectively]. GABA
levels in AM were lower in females prenatally
exposed to VPA [41 (4.2); MWU = 0, p<0.01] than
in control female rats [7.3 (10,9)]. We did not find
statistically significant differences associated
with sex between treatments for any other brain
region or amino acid (Table I).
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Prenatal VPA exposure does not modify
plasma amino acid concentration

We did notfind statistically significant differences
in amino acid plasma concentrations between
prenatal VPA-exposed and control groups [GABA:
MWU = 30, p=0.05; GLU: MWU = 45, p =0.47; GLN:
MWU = 46, p = 0.37; ASP: MWU = 37, p =0.14; TAU:
MWU = 55, p = 0.75] (Figure 1). In addition, no
statistically significant differences associated
with sex were observed for any amino acid.

DISCUSSION

Our results show that prenatal VPA exposure
increases the concentration of GLU and GLN in
HI and the concentration of GLY in FC in P14 rats
when compared to control rats. A more detailed
analysis shows that specific changes in those
concentrations of amino acid are sex- and
brain structure-dependent. However, despite
the prenatal VPA exposure, the concentration
of amino acids in plasma remains unchanged.
Our data suggest that VPA exposure in utero
may impair inhibitory and excitatory amino acid
concentration in the infant rat brain, which may
contribute to changes in excitability observed in
autism models.

Previous studies have quantified changes
in brain and blood amino acid levels in ASD
patients (Harada et al. 2011, Hassan et al. 2013,
Moreno-Fuenmayor et al. 1996, Page et al. 2006,
Shimura et al. 2011, Shinohe et al. 2006, Aldred et
al. 2003) and in experimental rat models (Meurs
et al. 2008, Cavalheiro et al. 1994, Zieminska
et al. 2018). However, results are inconsistent
and therefore, difficult to interpret. Differences
found among published results may be due
to different analytical methods used in each
study (for example HPLC, magnetic resonance
(MR) or nuclear magnetic resonance (NMR)
spectroscopy). Our results showed that VPA rats
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Table I. Effect of valproic acid prenatal exposure on brain tissue and plasma amino acid levels in rats.

Brain tissue (ng/mg protein)

Males and females

Brain
region/ GABA GLU GLN ASP GLY TAU
Group
FC
SsS 39(77) 244 (11.6) 18.6 (24) 8 (12.3) 3(37) 344 (261)
VPA 29(23) 294 (22.8) 26.8 (24.4) 13.8 (11.2) 6.5(3.3) 50.8 (27.8)
MWU=47, p=0.09 MWU=65, p=0.33 MWU=90.5, p=0.74 MWU=79, p=0.57 | MWU=51, p=0.03* MWU=57, p=0.10
HI
SsS 44 (6.8) 312(283) 189 (22) 6.6 (9.4) 3.5(3.8) 30.8 (33.6)
VPA 31 (44) 512 (38.5) 314 (214) 124 (107) 55(33) 50.6 (34)
MWU=63, p=0.61 MWU=415, p=0.02* | MWU=49.5, p=0.04* | MWU=615, p=015 = MWU=72.5, p=025 = MWU=46, p=0.05
AM
SS 6 (5.5) 457 (59.4) 25 (35.5) 129 (20.4) 52 (42) 437 (58.7)
VPA 44(22) 419 (27.8) 236 (14) 11(6.6) 37(37) 40.2(23.8)
MWU=46.5, p=0.05 | MWU=66.5, p=0.36 MWU=76, p=0.48 MWU=84, p=0.74 MWU=65, p=0.49 MWU=70, p=0.34
BS
SS 31(9.6) 18 (22.6) 155 (21.6) 8(10.8) 3.8 (5.5) 214 (291)
VPA 7.2 (3) 323 (13.4) 212 (11.6) 91(3.7) 4.6(29) 331(18.8)
MWU=47, p=0.09 MWU=49, p=0.12 MWU=67, p=0.38 MWU=68, p=0.41 MWU=75, p=0.65 | MWU=555, p=014
VE 1.8 (42) 215 (37.6) 144 (1) 61 (12) 34(52) 214 (8.5)
SS 24(13) 15.2 (16.9) 13.8 (8.2) 37 (4) 35(17) 21.6 (111)
VPA MWU=61, p=0.36 MWU=55.5, p=0.79 MWU=815, p=0.65 | MWU=544, p=0.07 = MWU=99, p=0.80 = MWU=81.5, p=0.65
HE
SS 1.8 (24) 22.8 (36) 25.8 (18.2) 7.2(9.5) 3.8 (2.6) 38.6 (29.6)
VPA 2.3 (2.4) 253 (10.5) 20.7 (6.7) 71(3.7) 33(25) 295+ 4.5
MWU=60, p=0.34 MWU=79, p=0.79 MWU=91, p>0.99 MWU=91, p>0.99 | MWU=105, p=0.88 | MWU=81, p=045
Males
FC
SS 46(7.8) 27.5 (41.7) 18.6 (20.6) 8(11.2) 3(32) 35.2(27.8)
VPA 29(2.3) 40.5 (21.5) 291 (251) 12 (10.7) 6.4 (5) 514 (227)
MWU=10, p=0.10 MWU=20, p=0.59 MWU=17, p=0.35 MWU=18, p=0.60 MWU=10, p=0.07 MWU=22, p=0.76
HI
SS 43(72) 312 (287) 18.9 (23.4) 6.6 (18.3) 3.8 (4.5) 352(312)
VPA 2.5(4.7) 347 (65) 27 (411) 8.3 (27.6) 52(3.8) 42.9 (45)
MWU=13.5, MWU=14, p=0.60 MWU=12.5, p=0.31 MWU=116 p=0.82 MWU=17, p=0.73 MWU=11, p=0.33
p=0.53
AM
Ss 5.8 (7.5) 43 (81.6) 22,9 (47.8) 11.8 (18.4) 4.5 (7.4) 36 (79)
VPA 5.6 (31) 341 (18.8) 16.7 (14.7) 9.9 (4.8) 3(24) 35(19.2)
MWU=22, p=0.81 MWU=19, p=0.54 MWU=21, p=0.71 MWU=21, p=0.71 | MWU=145, p=0.63 | MWU=20, p=0.90
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BS
SS
VPA

VE
SS
VPA

HE
SS
VPA

FC
SS
VPA

HI
SS
VPA

AM
SS
VPA

BS
SS
VPA

VE
SS
VPA

HE
SS
VPA

4.8 (10.4)
6.9 (21)
MWU=17, p=0.93

17 (1.9)
24 (0.6)
MWU=8.5, p=0.32

1.6 (0.5)
27 (1.3)
MWU=6.5, p=0.11

19 (7.9)
29 (21)
MWU=12, p>0.99

5(6)
37 (43)
MWU=8, p=049

7.3(10.9)
41(2.2)
MWU=0, p=0.001*

14 (4.9)
79 (3.5)
MWU=1, p=0.03*

23(6.5)
2.3 (21)
MWU=19.5, p=0.97

2.5 (4.4)
21(1.6)
MWU=16, p=0.59

283 (38)
244 (20)
MWU=22, p=0.93

22.8 (15.6)
145 (2.9)
MWU=4, p=0.04*

19.7 (37.8)
25.3 (14.6)
MWU=22, p=0.93

24.7 (35.2)
42.7 (334)
MWU=6, p=0.24

29.6 (33.6)
57.6 (287)
MWU=4, p=0.03*

484 (51.7)
484 (33)
MWU=12.5, p=0.45

12,5 (12.8)
32.8 (22.3)
MWU=2, p=0.02*

18 (64.3)
15.7 (18.6)
MWU=17.5, p=0.54

319 (30.7)
25.5(10.9)
MWU=13, p=0.65

19 (23.4)
16.8 (10.5)
MWU=17, p=0.67

16.6 (10.1)
137 (2.2)
MWU=13, p=0.48

20.3 (20.4)
235(7.7)
MWU=19, p=0.67

Females

271 (44.2)
254 (24.4)
MWU=14.5 p=0.63

131 (21.6)
314 (17.5)
MWU=6, p=0.07

284 (33)
26.8 (15.2)
MWU=13, p=0.35

12.3(30.3)
22.7 (10.6)
MWU=9, p=0.19

12.8 (29.2)
153 (11.2)
MWU=19, p=0.86

261 (13.6)
20.6 (10.4)
MWU=14, p=0.60
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13 (12.9)
9.3(71)
MWU=23, p=0.65

55 (10)
2.8 (2.6)
MWU=3, p=0.02*

7.2 (14.2)
8.8 (5.6)
MWU=23, p=0.68

124 (18.2)
15.7 (14.4)
MWU=18, p>0.99

53 (6.9)
14.6 (10.6)
MWU=7, p=0.07

221(19.9)
127 (12.2)
MWU=15, p=0.49

41 (4.2)
91(22)
MWU=1, p=0.01*

3.2 (18)
37(5.2)
MWU=223, p=0.83

76 (7)
61(3.6)
MWU=13, p=0.68

36(5.8)
46 (2.7)
MWU=17, p=0.51

37 (67)
34 (19)
MWU=23, p=0.80

32(27)
41(1.9)
MWU=23, p=0.85

5.5 (6.4)
6.7 (4)
MWU=17, p=0.85

2.7(3.5)
5.8 (3.5)
MWU=8, p=0.09

57(23)
41 (4.6)
MWU=15, p=0.92

4.7(77)
45(39)
MWU=16, p=0.85

24 (5.7)
34(19)
MWU=17, p=0.66

37(2.8)
32(24)
MWU=14, p=0.60

253 (33.6)
345 (117)
MWU=16, p=0.34

225 (84)
19.9 (8.5)
MWU=12, p=0.37

247 (281)
26.7 (19.7)
MWU=26, p=0.90

26.9 (277)
503 (37.5)
MWU=6, p=018

3471 (351)
55.7 (33.8)
MWU=9, p=013

437 (427)
401 (43.2)
MWU=14, p=0.29

12 (17.4)
33(39.5)
MWU=10, p=0.26

21.2 (50.2)
22.5(20)
MWU=20, p>0.99

40.6 (22.5)
30.2 (14.9)
MWU=12, p=0.18

Abbreviations: GABA: gamma-aminobutyric acid; GLU: glutamate; GLN: glutamine; ASP, aspartate; GLY: glycine; TAU: taurine; FC: frontal cortex; HI:
hippocampus; AM: amygdala; BS: brain stem; VE: cerebellar vermis; HE: cerebellar hemispheres. Amino acid concentration is shown as the median
and the interquartile range and was analyzed with a Mann Whitney U-test. *p<0.05 vs control group.
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had higher GLU and GLN levels in the HI when
compared to control rats. The latter is consistent
with the finding of a high GLU concentration
observed in the amygdala-hippocampal region
from humans with ASD (Page et al. 2006). An
increase in the concentration of GLU and GLN in
braintissueisalso seenin male rat hippocampus
in the VPA and thalidomide-induced models
of autism (Zieminska et al. 2018). Interestingly,
Kim and collaborators found an increase in the
glutamatergic neuronal marker VGluT1 in the
hippocampus from rats prenatally exposed to
VPA during E12 (Kim et al. 2013). GLU plays a key
role in brain development, neurotransmission
and neurotoxicity. GLU stimulates neurite
outgrowth, synaptogenesis and maturation of
synapsis in the developing brain (Richards et al.
2005, Saneyoshi et al. 2010, Kwon & Sabatini 2011).
These data suggest that prenatal VPA exposure
enhances glutamatergic neurotransmission in
the rat hippocampus. Furthermore, male rats
prenatally exposed to VPA show an increase in
the glutamatergic synaptic transmission in the
dorsal raphe nucleus (Wang et al. 2018).

We did not find statistically significant
differences in blood amino acid levels between
prenatal VPA-exposed and control groups. These
results are consistent with previous studies
reporting no changes in plasma or platelet
amino acid concentrations in ASD patients
(Arnold et al. 2003, Elbaz et al. 2014). However,
other studies have found higher levels of GLU
in plasma from ASD patients (Hassan et al.
2013, Shinohe et al. 2006, Aldred et al. 2003).
Discrepancies could be due to the age of the
patients with ASD (Dhossche et al. 2002) and the
broad range of signs and symptoms observed in
those patients (Moreno-Fuenmayor et al. 1996).
We focused on P14 rat pups, because at that age
the brain rat development resembles that of the
human infant/toddler (Sengupta 2013). However,
ASD patients included in the studies mentioned

BRAIN AMINO ACIDS AFTER VALPROIC ACID EXPOSURE

above have a broader range of age (Spence &
Schneider 2009).

GABAisthe maininhibitory neurotransmitter
in the adult brain, but it is excitatory in
immature neurons (Ben-Ari 2001, 2002). This is
due to changes in the concentration gradient
of Cl, which depends on the expression of the
K-Cl (KCC2) and Na-K-2Cl cotransporters (NKCC1)
(Ben-Ari 2006, Kahle et al. 2008). The change of
GABA from excitatory to inhibitory is observed in
rats during the second week of life and until the
end of the first month (Ben Ari 2002, Perrot-Sinal
et al. 2003). It is important to take into account
this information considering that we studied
P14 rats. However, our results show no changes
in GABA brain concentration in rats prenatally
exposed to VPA when compared to control rats.
Our data differ from that reported recently in
rats prenatally exposed to VPA and thalidomide
(Zieminska et al. 2018). Those authors found that
levels of GABA in HI are significantly increased
in both ASD models. A possible difference
between both studies may be the age of the
rats; we performed our analysis specifically
during the 14-postnatal day, whereas the study
by Zieminska et al. (2018) was carried out in one-
month-old rats. A previous study show that rats
prenatally exposed to VPA have reduced GAD
expression in the cortex and the HI (Kim et al.
2013). Application of VPA to cortical neurons in
culture reduces GAD expression (Fukuchi et al.
2009). Furthermore, a decrease in the expression
and function of GAD is seen in the parietal cortex
and cerebellar Purkinje cells from ASD patients
(Fatemi et al. 2002, Yip et al. 2007). A decrease
in GABA concentration has been reported in
plasma, platelet, and brain from patients with
ASD (Harada et al. 2011, Cochran et al. 2015,
Dhossche et al. 2002). We did not find such
decrease in our study.

A caveat to our study is the fact that
we used the barbiturate pentobarbital as
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Figure 1. Brain plasma amino
acid levels in infant rats
prenatally exposed to VPA

or Saline. GABA: gamma-
aminobutyric acid; GLU:
glutamate; GLN: glutamine;
ASP: aspartate; GLY: glycine;
TAU: taurine. No differences
were observed between groups
when data were analyzed with
a Mann Whitney U-test.

[ ss
1 vPA

@%Ei%;@;

r 1T GLN ASP

GLU

anesthetic. In rat CA3 neurons, pentobarbital
decreases excitatory synaptic transmission
by activating GABA, receptors and inhibiting
voltage-dependent Na“ and Ca™ channels,
affecting GABA and glutamate release (Shin
et al. 2013). To our knowledge, the dose of
pentobarbital that we used does not modify
the concentration of amino acids in the brain.
However, phenobarbital, another barbiturate, at
doses higher than 100 mg/kg produces a slight
decrease in GABA concentration (Battistin et al.
1984).

We found an increase in GLY concentration
in the cortex of rats prenatally exposed to
VPA. It is known that GLY is the main inhibitory
neurotransmitter in the spinal cord and the
BS (Legendre 2001). However, GLY is also a co-
agonist of glutamate for NMDA receptors, which
mediate excitatory neurotransmission. High
concentrations of GLY cause hyperexcitability
and neurotoxicity in hippocampal brain slices
(Newell et al. 1997). Thus, it is also possible that
a high GLY concentration in FC after prenatal VPA
exposure facilitates GLU-mediated excitability.
Since our study is merely descriptive, additional
experiments should be carried out to
characterize the possible role of GLY in the VPA
model of ASD.

An Acad Bras Cienc (2021) 93(2)

GLY TAU

ASD is more common in male than in female
children (Christensen et al. 2013). When we
considered sex, our results showed differences
in the concentration of some brain amino acids
in prenatally VPA exposed male and female rats
compared to control rats. These differences
were observed in VE, BS, and AM. A recent study
using VPA and thalidomide models shows
increased levels of GLU, GLN and GABA in male’s
hippocampus (Zieminska et al. 2018); however, in
thatstudy, no other brain regions were evaluated.
Our results showed that male rats prenatally
exposed to VPA have decreased concentrations
of GLU and ASP in VE, but not changes in the Hl.
Female rats prenatally exposed to VPA showed
higher concentrations of GLU in HI and BS than
their matched controls. This latter result is
similar to the findings of Zieminska et al. (2018).
Females prenatally exposed to VPA also had
increased concentrations of GABA and ASP in
BS, but a lower concentration of GABA in AM.

Epidemiologic studies have shown a
high prevalence and incidence of epilepsy
in ASD patients (Bolton et al. 2011, Tuchman
et al. 2010, Canitano 2007, Hara 2007). Both
diseases are characterized by an excitatory/
inhibitory imbalance (Hassan et al. 2013,
Lam et al. 2006, Tebartz van Elst et al. 2014).
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The increased glutamatergic activity or the
suppression of the GABAergic system support
the hyperglutamatergic hypothesis in the
pathogenesis of autism (Fatemi et al. 2002,
Harada et al. 2011, Hassan et al. 2013, Page et
al. 2006, Shimmura et al. 2011, Lam et al. 2006,
Tebartz van Elst et al. 2014). Data from our
study support that prenatal VPA exposure can
produce a deregulation in the neurochemistry
of glutamatergic system, which may explain the
higher seizure susceptibility observed in Rats
prenatally exposed to VPA (Kim et al. 2011, Puig-
Lagunes et al. 2016).

In conclusion, in two-week-old rat pups
prenatally exposed to VPA, there is an increase
in the concentration of GLU and GLN in
hippocampus and in the concentration of GLY
in frontal cortex. These changes may be the
cause of the imbalance between inhibition and
excitation proposed as pathogenesis of ASD. To
our knowledge, thisis one of the first studies that
evaluates the effect of prenatal VPA exposure
in amino acid concentration in different brain
regions of the infant rat. This approach could
help to understand the neurochemical and
behavioral changes associated with ASD.

Acknowledgments

Thanks to Francia Carmona Cruz, B.Sc. by her technical
assistance for amino acid analysis by HPLC. This
research was supported by Consejo Nacional de Ciencia
y Tecnologia (CONACYT), Mexico (scholarship 212825 to
AAPL) and by Secretaria de Educacion Pablica (SEP),
Mexico (support to Cuerpo Académico de Neurofisiologia
UV-CA-333).

REFERENCES

ALDRED S, MOORE KM, FITZGERALD M & WARING RH. 2003.
Plasma amino acid levels in children with autism and
their families. ] Autism Dev Disord 33: 93-97. https://doi.
org/ 101002/ hipo.20868.

BRAIN AMINO ACIDS AFTER VALPROIC ACID EXPOSURE

AMERICAN PSYCHIATRIC ASSOCIATION. 2013. Diagnostic
and Statistical Manual of Mental Disorders. Fifth Ed.,
American Psychiatric Association, Washington, DC.

ARNOLD GL, HYMAN SL, MOONEY RA & KIRBY RS. 2003. Plasma
Amino Acids Profiles in Children with Autism: Potential
Risk of Nutritional Deficiencies. ) Autism Dev Disord 33:
449-151,,

BANERJEE A, GARCIA-OSCOS F, ROYCHOWDHURY S, GALINDO LC,
HALL S, KILGARD MP & ATZORI M. 2013. Impairment of cortical
GABAergic synaptic transmission in an environmental
rat model of autism. Int J Neuropsychopharmacol 16:
1309-1318.

BATTISTIN L, VAROTTO M, BERLESE G & ROMAN G. 1984. Effects
of some anticonvulsant drugs on brain GABA level and
GAD and GABA-T activities. Neurochem Res 9: 225-231.

BEN-ARI Y. 2001. Developing networks play a similar
melody. Trends Neurosci 24: 353-360.

BEN-ARI Y. 2002. Excitatory actions of GABA during
development: the nature of the nurture. Nat Rev
Neurosci 3: 728-739.

BEN-ARI Y. 2006. Basic developmental rules and their
implications for epilepsy in the immature brain. Epileptic
Disord 8: 91-102.

BOLTON PF, CARCANI-RATHWELL I, HUTTON J, GOODE S, HOWLIN
P & RUTTER M. 2011. Epilepsy in autism: features and
correlates. Br ) Psychiatry 198: 289-294.

CANITANO R. 2007. Epilepsy in autism spectrum disorders.
Eur Child Adolesc Psychiatry 16: 61-66.

CAVALHEIRO EA, FERNANDES MJ, TURSKI L & NAFFAH-
MAZZACORATTI MG. 1994. Spontaneous recurrent seizures
in rats: amino acid and monoamine determination in
the hippocampus. Epilepsia 35: 1-11.

CHOMIAK T & HU B. 2013. Alterations of neocortical
development and maturation in autism: insight from
valproic acid exposure and animal models of autism.
Neurotoxicol Teratol 36: 57-66.

CHRISTENSEN J, GRONBORG TK, SORENSEN MJ, SCHENDEL D,
PARNER ET, PEDERSEN LH & VESTERGAARD M. 2013. Prenatal
valproate exposure and risk of autism spectrum
disorders and childhood autism. JAMA 309: 1696-1703.

CHRISTIANSON AL, CHESLER N & KROMBERG JGR. 1994. Fetal
valproate syndrome: clinical and neurodevelopmental
features in two sibling pairs. Dev Med Child Neurol 36:
361-369.

COCHRAN D, SIKOGLU E, HODGE S, EDDEN R, FOLEY A, KENNEDY D,
MOORE C & FRAZIER J. 2015. Relationship Among Glutamine,
y-Aminobutyric Acid, and Social Cognition In Autism

An Acad Bras Cienc (2021) 93(2) 20190861 10 | 13



ANGEL ALBERTO PUIG-LAGUNES et al.

Spectrum Disorders. ) Child Adolesc Psychopharmacol
24: 314-322.

COOK EH ET AL. 1998. Linkage-disequilibrium mapping of
autistic disorder, with 15q11-13 Markers. Am ] Hum Genet
62: 1077-1083.

COURCHESNE E, PIERCE K, SCHUMANNETAL CM, REDCAY E,
BUCKWALTER JA, KENNEDY DP & MORGAN J. 2007. Mapping
early brain development in autism. Neuron 56: 399-413.

DHOSSCHE D, APPLEGATE H, ABRAHAM A, MAERTENS P, BLAND L,
BENCSATH A & MARTINEZ J. 2002. Elevated plasma gamma-
aminobutyric acid (GABA) levels in autistic youngsters:
stimulus for a GABA hypothesis of autism. Med Sci Monit
8: 1-6. PMID: 12165753.

ELBAZ FM, ZAKI MM, YOUSSEF AM, ELDORRY GF & ELALFY DV.
2014. Study of plasma amino acid levels in children with
autism: An Egyptian sample. Egypt ] Med Hum Genet 15:
181-186.

ERGAZ Z, WEINSTEIN-FUDIM L & ORNOY A. 2016. Genetic
and non-genetic animal models for autism spectrum
disorders (ASD). Reprod Toxicol 64: 116-140.

FATEMI SH, FOLSOM TD, REUTIMAN TJ & THURAS PD. 2009.
Expression of GABA(B) receptors is altered in brains of
subjects with autism. Cerebellum 8: 64-69.

FATEMI SH, HALT AR, REALMUTO G, EARLE J, KIST DA, THURAS P &
MERZ A. 2002. Purkinje cell size is reduced in cerebellum
of patients with autism. Cell Mol Neurobiol 22(2): 171-175.

FUKUCHI M, NII T, ISHIMARU N, MINAMINO A, HARA D, TAKASAKI
I, TABUCHI A & TSUDA M. 2009. Valproic acid induces up- or
down-regulation of gene expression responsible for the
neuronal excitation and inhibition in rat cortical neurons
through its epigenetic actions. Neurosci Res 65: 35-43.

GOGOLLA N, LEBLANC JJ, QUAST KB, SUDHOF TC, FAGIOLINI M &
HENSCH TK. 2009. Common circuit defect of excitatory-
inhibitory balance in mouse models of autism. |
Neurodev Disord 1: 172-181.

HARA H. 2007. Autism and epilepsy: A retrospective
follow-up study. Brain Dev 29: 486-490.

HARADA M, TAKI MM, NOSE A, KUBO H, MORI K, NISHITANI H
& MATSUDA T. 2011. Non-invasive evaluation of the
GABAergic/glutamatergic system in autistic patients
observed by MEGA-editing proton MR spectroscopy
using a clinical 3 Tesla instrument. J Autism Dev Disord
41: 447-454,

HASSAN TH, ABDELRAHMAN HM, ABDEL FATTAH NR, EL-MASRY
NM, HASHIM HM, EL-GERBY KM & ABDEL FATTAH NR. 2013. Blood
and brain glutamate levels in children with autistic
disorder. Res Autism Spectr Disord 7: 541-548.

BRAIN AMINO ACIDS AFTER VALPROIC ACID EXPOSURE

INGRAM JL, PECKHAM SM, TISDALE B & RODIER PM. 2000.
Prenatal exposure of rats to valproic acid reproduces
the cerebellar anomalies associated with autism.
Neurotoxicol Teratol 22: 319-324. PMID: 10840175.

KAHLE KT, STALEY KJ, NAHED BV, GAMBA G, HEBERT SC, LIFTON
RP & MOUNT DB. 2008. Roles of the cation-chloride
cotransporters in neurological disease. Nat Clin Pract
Neurol 4: 490-503.

KIM KC ET AL. 2013. Male-specific alteration in excitatory
post-synaptic development and social interaction
in prenatal valproic acid exposure model of autism
spectrum disorder. ] Neurochem 124: 832-843.

KIM KC, KIM P, GO HS, CHOI CS, YANG SI, CHEONG JH, SHIN CY
& KO KH. 2011. The critical period of valproate exposure
to induce autistic symptoms in Sprague-Dawley rats.
Toxicol Lett 201: 137-142.

KWON HB & SABATINI BL. 2011. Glutamate induces de novo
growth of functional spines in developing cortex. Nature
474(7349): 100-104.

LAM KSL, AMAN MG & ARNOLD LE. 2006. Neurochemical
correlates of autistic disorder: A review of the literature.
Res Dev Disabil 27: 254-289.

LEGENDRE P. 2001. The glycinergic inhibitory synapse. Cell
Mol Life Sci 58: 760-793.

LIN HC, GEAN PW, WANG CC, CHAN YH & CHEN PS. 2013. The
Amygdala Excitatory/Inhibitory Balance in a Valproate-
Induced Rat Autism Model. PLoS ONE 8: e55248.

LOPEZ-MERAZ ML, ROCHA LL, MIQUEL M, ORTEGA JC, PEREZ-
ESTUDILLO CA, GARCIA LI, HERNANDEZ ME & MANZO J. 2012.
Amino acid tissue levels and GABAA receptor binding
in the developing rat cerebellum following status
epilepticus. Brain Res 1439: 82-87.

LUNA-MUNGUIA H, MENESES A, PENA-ORTEGA F, GAONA A &
ROCHA L. 2012. Effects of hippocampal high-frequency
electrical stimulation in memory formation and their
association with amino acid tissue content and release
in normal rats. Hippocampus 22: 98-105.

MEURS A, CLINCKERS R, EBINGER G, MICHOTTE Y & SMOLDERS
I. 2008. Seizure activity and changes in hippocampal
extracellular glutamate, GABA, dopamine and serotonin.
Epilepsy Res 78: 50-59.

MORENO-FUENMAYOR H, BORJAS L, ARRIETA A, VALERA V &
SOCORRO-CANDANOZA L. 1996. Plasma excitatory amino
acids in autism. Invest Clin 37: 113-128.

MYCHASIUK R, RICHARDS S, NAKAHASHI A, KOLB B & GIBB R.
2012. Effects of Rat Prenatal Exposure to Valproic Acid on
Behaviour and Neuro-Anatomy. Dev Neurosci 34: 268-276.

An Acad Bras Cienc (2021) 93(2) e20190861 11|13



ANGEL ALBERTO PUIG-LAGUNES et al.

NEWELL DW, BARTH A, RICCIARDI TN & MALOUF AT. 1997.
Glycine Causes Increased Excitability and Neurotoxicity
by Activation of NMDA Receptors in the Hippocampus.
Exp Neurol 145: 235-244,

PAGE LA, DALY E, SCHMITZ N, SIMMONS A, TOAL F, DEELEY Q,
AMBERY F, MCALONAN GM, MURPHY KC & MURPHY DG. 2006.
In vivo 'H-magnetic resonance spectroscopy study of
amygdala-hippocampal and parietal regions in autism.
Am J Psychiatry 163: 2189-2192.

PEREZ-POUCHOULEN M, MIQUEL M, SAFT P, BRUG B, TOLEDO
R, HERNANDEZ ME & MANZO J. 2016. Prenatal exposure to
sodium valproate alters androgen receptor expression in
the developing cerebellum in a region and age specific
manner in male and female rats. Int ] Dev Neurosci 53:
46-52.

PERROT-SINAL TS, AUGER AP & MCCARTHY MM. 2003. Excitatory
actions of GABA in developing brain are mediated by
L-type Ca” channels and dependent on age, sex, and
brain region. Neuroscience 116: 995-1003.

PUIG-LAGUNES AA, MANZO J, BELTRAN-PARRAZAL L, MORGADO-
VALLE C, TOLEDO-CARDENAS R & LOPEZ-MERAZ ML. 2016.
Pentylenetetrazole-induced seizures in developing rats
prenatally exposed to valproic acid. Peer J 4: €27009.

PUIG-LAGUNES AA, VELAZCO-CERCAS E, ZAMORA-BELLO |,
BELTRAN-PARRAZAL L, MORGADO-VALLE C, MANZO J & LOPEZ-
MERAZ ML. 2015. Malformaciones congénitas en ratas
expuestas prenatalmente al acido valproicoy su relacion
con el nimero de células de Purkinje. Rev Mex Neuroci
16(6): 28-40.

PURCELL AE, JEON OH, ZIMMERMAN AW, BLUE ME & PEVSNER J.
2001. Postmortem brain abnormalities of the glutamate
neurotransmitter system in autism. Neurology 57:
1618-1628.

RICHARDS DA, MATEQS JM, HUGEL S, DE PAOLA V, CARONI P,
GAHWILER BH & MCKINNEY RA. 2005. Glutamate induces
the rapid formation of spine head protrusions in
hippocampal slice cultures. Proc Natl Acad Sci USA.
102(17): 6166-6171.

RINALDI T, KULANGARA K, ANTONIELLO K & MARKRAM H.
2007. Elevated NMDA receptor levels and enhanced
postsynaptic long-term potentiation induced by
prenatal exposure to valproic acid. Proc Natl Acad Sci
USA 104: 13501-13506.

RODIER PM, INGRAM JL, TISDALE B, NELSON S & ROMANO J.
1996. Embryological origin for autism: developmental
anomalies of the cranial nerve motor nuclei. ] Comp
Neurol 370: 247-261.

BRAIN AMINO ACIDS AFTER VALPROIC ACID EXPOSURE

RUBENSTEIN JLR & MERZENICH MM. 2003. Model of autism:
increased ratio of excitation/ inhibition in key neural
systems, Genes. Brain and Behav 2: 255-267. PMID:
14606691,

SANEYOSHI T, FORTIN DA & SODERLING TR. 2010. Regulation
of spine and synapse formation by activity-dependent
intracellular signaling pathways. Curr Opin Neurobiol
20(1): 108-115.

SCHNEIDER T & PRZEWLOCKI R. 2005. Behavioral alterations
in rats prenatally to valproic acid: animal model of
autism. Neuropsychopharmacol 30: 80-89.

SCHNEIDERT, ROMAN A, BASTA-KAIM A, KUBERA M, BUDZISZEWSKA
B, SCHNEIDER K & PRZEWLOCKI R. 2008. Gender-specific
behavioral and immunological alterations in an animal
model of autism induced by prenatal exposure to
valproic acid. Psychoneuroendocrinology 33: 728-740.

SENGUPTA P. 2013. The Laboratory Rat: Relating Its Age
With Human'’s. Int ] Prev Med 4: 624-630.

SHIMMURA C ET AL. 2011. Alteration of plasma glutamate
and glutamine levels in children with high-functioning
autism. PLoS ONE 6: €25340.

SHIN MC, WAKITA M, IWATA S, NONAKA K, KOTANI N & AKAIKE
N. 2013. Comparative effects of pentobarbital on
spontaneous and evoked transmitter release from
inhibitory and excitatory nerve terminals in rat CA3
neurons. Brain Res Bull 90: 10-18.

SHINOHEAETAL.2006.Increase serum levelsof glutamatein
adult patients with autism. Prog Neuropsychopharmacol
Biol Psychiatry 30: 1472-1477.

SILVESTRIN RB ET AL. 2013. Animal model of autism induced
by prenatal exposure to valproate: Altered glutamate
metabolism in the hippocampus. Brain Res 1495: 52-60.

SPENCE SJ & SCHNEIDER MT. 2009. The role of epilepsy and
epileptiform EEGs in autism spectrum disorders. Pediatr
Res 65: 599-606.

TEBARTZ VAN ELST L ET AL. 2014. Disturbed cingulate
glutamate metabolism in adults with high-functioning
autism spectrum disorder: evidence in support of
the excitatory/inhibitory imbalance hypothesis. Mol
Psychiatry 19: 1314-1325.

TUCHMAN R, CUCCARO M & ALESSANDRI M. 2010. Autism and
epilepsy: Historical perspective. Brain Dev 32: 709-718.

WANG R, HAUSKNECHT K, SHEN RY & HAJ-DAHMANE S. 2018.
Potentiation of Glutamatergic Synaptic Transmission
onto Dorsal Raphe Serotonergic Neurons in the Valproic
Acid Model of Autism. Front Pharmacol 9: 1185.

An Acad Bras Cienc (2021) 93(2) 20190861 12 | 13



ANGEL ALBERTO PUIG-LAGUNES et al.

YIP J, SOGHOMONIAN JJ & BLATT GJ. 2007. Decreased GAD67
mMRNA levels in cerebellar Purkinje cells in autism:
pathophysiological implications. Acta Neuropathol 113:
559-568.

ZIEMINSKA E, TOCZYLOWSKA B, DIAMANDAKIS D, HILGIER W,
FILIPKOWSKI RK, POLOWY R, ORZEL J, GORKA M & LAZAREWICZ
JW. 2018. Glutamate, Glutamine and GABA Levels in Rat
Brain Measured Using MRS, HPLC and NMR Methods in
Study of Two Models of Autism. Front Mol Neurosci 11:
418.

How to cite

PUIG-LAGUNES AA, ROCHA L, MORGADO-VALLE C, BELTRAN-PARRAZAL L
& LOPEZ-MERAZ M-L. 2021. Brain and plasma amino acid concentration
in infant rats prenatally exposed to valproic acid. An Acad Bras Cienc 93:
€20190861. DOI 10.1590/0001-3765202120190861.

Manuscript received on April 19, 2018;
accepted for publication on October 19, 2019

ANGEL ALBERTO PUIG-LAGUNES'
https://orcid.org/0000-0003-0177-3921

LUISA ROCHA?
https://orcid.org/0000-0003-4495-9427

CONSUELO MORGADO-VALLFE'
https://orcid.org/0000-0003-0158-7096

BRAIN AMINO ACIDS AFTER VALPROIC ACID EXPOSURE

LUIS BELTRAN-PARRAZAL'
https://orcid.org/0000-0002-4765-9051

MARIA-LEONOR LOPEZ-MERAZ'
https://orcid.org/0000-0003-0179-989X

'Centro de Investigaciones Cerebrales, Universidad
Veracruzana, Médicos y Odontologos, s/n, Col. Unidad
del Bosque, 91010 Xalapa, Veracruz, México

’Departamento de Farmacobiologia, Cinvestay,

Calzada de los Tenorios, 235, 14330 Col. Granjas
Coapa, Ciudad de México, México

Correspondence to: Maria-Leonor Lopez-Meraz
E-mail: leonorlopez@uv.mx

Author contributions

AAPL and MLLM conceived and designed the study. AAPL,
MLLM and LR performed the experiments. AAPL, MLLM and LBP
analyzed the experimental data. AAPL, MLLM and CMV wrote
the paper.

@)y

An Acad Bras Cienc (2021) 93(2) e20190861 13| 13



